Abstract. Intramammary infection and clinical mastitis in dairy cows leads to considerable economic losses for farmers. The somatic cell concentration in cow's milk has been shown to be an excellent indicator for the prevalence of subclinical mastitis. In this study, a new somatic cell count index (SCCI) was proposed for the accurate prediction of milk yield losses caused by elevated somatic cell count (SCC). In all, 97 238 lactations (55 207 Holstein cows) from 2328 herds were recorded between 2010 and 2014 under different scenarios (high and low levels of SCC, four lactation stages, different milk yield intensities, and parities (1, 2, and ≥ 3). The standard shape of the curve for SCC was determined using completed standard lactations of healthy cows. The SCCI was defined as the sum of the differences between the measured interpolated values of the natural logarithm of SCC (ln(SCC)) and the values for the standard shape of the curve for SCC for a particular period, divided by the total area enclosed by the standard curve and upper limit of ln(SCC) = 10 for SCC. The phenotypic potential of milk yield (305-day milk yield -MY305) was calculated using regression coefficients estimated from the linear regression model for parity and breeding values of cows for milk yield. The extent of daily milk yield loss caused by increased SCC was found to be mainly related to the early stage of lactation. Depending on the possible scenarios, the estimated milk yield loss from MY305 for primiparous cows was at least 0.8 to 0.9 kg day −1 and for multiparous cows it ranged from 1.3 to 4.3 kg day −1 . Thus, the SCCI was a suitable indicator for estimating daily milk yield losses associated with increased SCC and might provide farmers reliable information to take appropriate measures for ensuring good health of cows and reducing milk yield losses at the herd level.
Introduction
Development of intramammary infection (IMI) and occurrence of clinical mastitis in dairy cows leads to considerable economic losses for farmers (Nielsen et al., 2010; ElAwady et al., 2011) , mainly owing to the reduction of milk production and lowering of milk technological traits (Bobbo et al., 2016) . IMI has been shown to adversely affect fertility (Wolfenson et al., 2015) and reduce the longevity of dairy cows (Archer et al., 2013) ; it also increases the costs for implementation of veterinary services and extra labour.
The concentration of somatic cells in cow's milk has been shown to be an excellent and the main indicator for the estimation of the prevalence of subclinical mastitis. Cows with subclinical mastitis show no visible signs, but their somatic cell count (SCC, defined as the number of somatic cells per millilitre of milk) is elevated. Elevated SCC in milk suggests the presence of pathogens in the udder and is an indicator of IMI as well as a measure of the response to infection (Pyörälä, 2003; Heringstad et al., 2006) . Thus, subclinical mastitis is considered as a hidden threat to healthy cows in a herd (Nyman et al., 2014) .
For estimating the possible milk yield losses caused by subclinical mastitis, a definition of healthy or non-infected is essential. The threshold for a healthy udder was considered to be an SCC of ≤ 50 000 (Seegers et al., 2003) or approximately 70 000 (Djabri et al., 2002; Schukken et al., 2003) . Some authors defined a healthy animal as having a slightly higher SCC, i.e., ≤ 100 000 (Hand et al., 2012) . Cows with an SCC of less than 100 000 are considered to be non-infected, with no significant milk yield losses owing to subclinical
Published by Copernicus Publications on behalf of the Leibniz Institute for Farm Animal Biology. mastitis. A new definition of subclinical mastitis assumed a new case if the SCC reached > 100 000 after a test day when the SCC was < 50 000 (Halasa et al., 2009) . Therefore, the selection of an appropriate threshold for defining a noninfected udder depends on the purpose. At a lower threshold, more IMI (increased sensitivity and fewer false negatives) cases are identified, whereas the use of a higher threshold (increased specificity) might result in fewer false positives (Pantoja et al., 2009) .
Together with high milk yield, the fat-to-protein ratio (FPR) can serve as an important risk factor for mastitis (Windig et al., 2005) . Cows with mastitis are characterized by lower milk yield, elevated SCC, and a higher FPR (Jamrozik and Schaeffer, 2012) . Thus, the FPR of milk was considered to be a suitable measure of the energy balance status of animals, especially during the initial and most metabolically stressful stage of lactation (Buttchereit et al., 2010) .
A close association is known to exist between high milk yield and SCC. High-milk-yielding cows are more susceptible to mastitis (Jamrozik et al., 2010) . The average SCCs calculated based on SCCs at different lactation stages are often used in mastitis control programs and in programs for the improvement of udder health. The drawback of using the lactation average of the SCCs is that it does not account for the SCC variability during lactation (De Hass et al., 2004) . Variation in the shapes of the lactation curve during different lactation periods can be influenced by subclinical and/or clinical mastitis. Moreover, the types of pathogens associated with clinical mastitis occurrence can also differentially affect the lactation curve (De Hass et al., 2002) . The early detection of elevated SCC during lactation is possible only by using test-day records. For detection of subclinical mastitis and possible IMI, comparing different test-day records of SCC is necessary. Timely detection and analysis of peaks in SCC during the different stages of lactation are important for the successful management of dairy farms.
However, considering the relationship between milk yield and SCC might lead to erroneous results since high milk yield might decrease the SCCs because of the dilution effect (Miller et al., 1993) . The estimated SCCs of high-yielding dairy cows without IMI were found to be lower than those of low-yielding dairy cows (Green et al., 2006; Halasa et al., 2009; Boland et al., 2013) . If the SCC concentration due to lower milk production in infected cows is neglected, the milk production loss might be overestimated. Overestimation of milk production loss can be avoided by using a dilution factor λ for the adjustment of the yield and category of SCC (Green et al., 2006) . Nevertheless, few previous studies could not completely clarify the relation between dilution effect and estimated milk loss.
Several other effects are also related to subclinical mastitis development and elevated SCCs. Numerous studies have shown that different factors, such as stage of lactation, subsequent parity (PAR), milk yield (Nielsen et al., 2010; Boland et al., 2013) , calving month (Rupp and Boichard, 2000) and calving season, feeding and housing (Hortet and Seegers, 1998; Hagnestam-Nielsen et al., 2009) , milking (Nyman et al., 2009) , milk composition (Windig et al., 2005; Nyman et al., 2014) , and test-day season, breed, pregnancy status, and health disorders, affect the SCC (Hagnestam-Nielsen et al., 2009) . Subclinical mastitis is a very complex problem. Therefore, developing a simple, cost-effective, and efficient method for the estimation of the relationships between elevated SCC, subclinical mastitis, and potential milk yield loss in dairy cows is of great interest to the dairy sector.
Therefore, this study aimed to develop an index for excessive SCC, namely, the somatic cell count index (SCCI), for estimating the effect of subclinical mastitis on milk yield loss. Intervals of 30 days in milk test-day records were used to determine the relationships among SCC, calving year, calving season, age at the first calving, milk composition, stage of lactation, and milk yield; the effect of herd was also assigned for a more reliable prediction of milk yield losses.
Materials and methods

Data sources and analyses
In this study, 97 238 standard lactation records of 55 207 Holstein breed cows from 2328 herds were collected over 921 594 test-days between 2010 and 2014. The data were a part of the national milk recording from the Slovenian database (Jeretina et al., 1997) collected according to the International Committee for Animal recording (ICAR, 2016) . The average herd size was 32 cows. The test-day records with clinical mastitis were discarded from the data set. Lactations with at least seven milk recordings were truncated at 305 days. Each record of later analyses included the number of test-day milk yields (TDMYs, kg), FPR, PARs, stage of lactation (days in milk, DIMs), the season of calving (S; 1: spring, 2: summer, 3: autumn, and 4: winter), age at first calving (AFC, days), breeding values of cows for milk yield (BVAs), and SCC (×10 3 ). The model was developed using two steps by using the statistical application R (R Development Core Team, 2016) and the lme4 libraries (Bates et al., 2015) . In the first step, we determined the standard shapes of the curves for the natural logarithm of SCC during lactation in healthy cows for PAR 1, 2, and ≥ 3 and estimated the phenotypic potential of milk yield for all cows to classify them into production groups. After that, we developed the SCCI for the estimation of SCC excess above the standard shape. In the second step, we analysed the effect of SCCI on milk yield loss for standard lactation according to the stage of lactation.
Somatic cell count index
We defined the SCCI for an individual lactation as the sum of the differences between the measured interpolated values of ln(SCC) (IP, Fig. 1 ) and the values of the standard shape of the curve for SCC for a particular period, divided by the area above the standard shape of the curve for SCC (PIS, Fig. 1 ) (Eq. 1).
Therefore, the SCCI represents the area for IP in the percentage share of the total area for PIS above the standard shape of the curve for SCC (Fig. 1) . By definition, the values of SCCI are between 0 and 100, wherein a value of 0 represents a small or inconsequential influence of SCC on milk yield for standard lactation, and 100 represents the maximal effect. When the SCCI was calculated, we considered the effect of dilution for high-milk-yielding cows without IMI. For cows with a daily milk yield above 10 kg and an SCC lower than 50 000, we performed a correction by using the factor −0.485 (Green et al., 2006) . For calculation of the SCCI we used the following equation:
(1)
where the SCCI is the SCC index excess calculated for an optional interval between x 1 DIM and x 2 DIM, lnSCCM is the natural logarithm of SCC for the standard shape of the curve at the ith DIM, and lnSCC is the natural logarithm of the measured SCC at the ith DIM.
To determine the standard shape of the curve for SCC, we included the completed standard lactations (305-day milk yield -MY305) of cows for which the average SCC for standard lactation (ASCC) did not exceed 100 000 SCC. This limit was set because in healthy cows, on the third day after calving, the SCC drops to 166 000 and by the 10th day of lactation, it reduces to 100 000 SCC (Barkema et al., 1999) . In addition, we excluded the data for all cows in which the SCC between two consecutive milk recordings increased from less than 50 000 to more than 100 000. These numbers potentially indicate a suspected case of subclinical mastitis (Halasa et al., 2009 ). We also excluded data for which the sum of squared deviations at fitting of lactation curves through TDMY in MY305 according to the MilkBot model (Cole et al., 2012) was larger than 150 kg, which represents > 0.5 kg milk per production day.
We included fixed-effect PAR and the linear and quadratic regression effects of DIMs, which were used to explain the dependent variable ln(SCC/100), in the square regression model (Eq. 2). (2) where lnSCCM is the natural logarithm of SCC; PAR is the ith parity (i = 1, 2, ≥ 3); β 1 × DIM and β 2 × DIM 2 are the linear and quadratic regression effects of DIMs, respectively; and e ij is the residual effect.
Predicting milk yield and classification in groups
We calculated the phenotypic potential of milk yield for cows by using regression coefficients estimated from the linear regression model as follows:
where PAR is the fixed effect of parity (i = 1, 2, ≥ 3), β 1 is the regression coefficient of BVA, and e ij is the residual of the model. Based on the phenotypic potential of milk yield, we classified the cows into the following four classes: cows with the lowest -milk quantity (MQ) = 1 -to the highest (MQ = 4) MY305. We determined the size classes based on MQ with regard to the average of the predicted milk yield of the studied cattle population within specific PARs and by considering the sizes of the standard deviations.
Estimation of the effect of SCCI on milk yield loss for standard lactation
We investigated the effect of SCCI on milk yield loss for standard lactation within a particular month of lactation ( MY30) and PAR for individual MQ by using multiple mixed regression models as follows:
where MY30 is the estimated milk yield loss within a particular month of lactation, calculated as a difference between the predicted (Jeretina et al., 2013) and the estimated milk yields on the test day for an individual month; Y is the effect of calving year (2010) (2011) (2012) (2013) (2014) ; S is the effect of calving season (1-4); β 1 is the linear regression coefficient of AFC; β 2 is the linear regression coefficient of the BVA; β 3 is the linear regression coefficient of the FPR; β 4 is the linear regression coefficient of SCCI; h is the random effect of l-herd; and e ij klm is the residual of the model.
For milk yield loss on a daily basis ( MY), we used the linear model according to Ali and Schaeffer (AS; Ali and Schaeffer, 1987) to estimate the shape of the curve based on the SCCI points. Based on the estimated values of SCCI and DIMs within individual PARs and MQs, we used the following equation to predict MY for ASCC with 200 000, 300 000, and 400 000 SCC:
, where MY is the predicted milk yield loss for any day or period between x 1 and x 2 ; parameters a, b, c, d, and k are factors of the AS model; and SCCI DIM is the SCC index excess for a particular day of DIMs.
Impact of somatic cell count level within specific
PARs, lactation interval, and milk production level on milk yield loss
To determine the effect of IMI on MY at different stages of lactation, we used the data for cows from the cattle population that exhibited average values of 200 000 ± 50 000, 300 000 ± 50 000, or 400 000 ± 50 000 ASCC for standard lactation. The lactation period was divided into four lactation intervals (LIs; LI1 = 0-80 DIMs, LI2 = 81-160 DIMs, LI3 = 161-240 DIMs, and LI4 = 241-305 DIMs), and MY was calculated for each period. An individual LI with SCCI ≤ 5 % was considered as a period of lactation with a low increase in SCC; above this value, the lactation period was considered to show a high increase in SCC. Individual effects on MY305 were estimated using the following multiple linear regression model (Eq. 6):
+ e ij klm , where MY305 is the MY in standard lactation, PAR is the ith parity (i = 1, 2, and ≥ 3), MQ (j = 1-4) is the level of potential milk production (see Table 2 ), VAR (k = 1-8) represents eight different scenarios regarding the effect of a low or high level of SCCI within each of the four LIs (see Table 5 ), ASCC is the average SCC (200 000, 300 000, or 400 000 SCC), and e ij klm is the residual of the model.
Results and discussion
The number of completed lactations with the average MY305, protein and fat contents in milk, and the average geometric mean of SCC per lactation are shown in Table 1 . The average MY305 of primiparous cows, which was 40 % of all lactations in the analysis, was 6828 kg with 122 000 SCC, and that in the second lactation was 7622 kg with 158 000 SCC. In the later lactations, the milk yield was 7808 kg with 236 000 SCC.
To estimate the effect of SCCI on MY, we used the linear AS model and assessed the value of the SCCI depending on DIMs. The parameters of the curve for individual PAR and MQ are shown in Table 2 .
The corresponding parameter values (Table 2) were included in Eq. (5) and MY values were calculated for different SCCs for any day or period. A representative estimation of the daily milk yield loss in kilogram per stage of lactation (DIM) and MQ for the consecutive PAR is shown in Fig. 2 .
The results showed that in primiparous cows the regression influence of SCC on MY was the lowest within 7 to 10 weeks after calving. It coincided with the peak of lactation in primiparous cows. Our results are in good agreement with those of a previous published study by Hagnestam-Nielsen et al. (2009) . They set the limit between 3 and 8 weeks after calving for primiparous cows and between 3 and 16 weeks for later lactations. In the early stage of the second lactation, the smallest influence of SCC on MY was noted between 8 and 10 weeks after calving. However, this was observed only in the case of high-milk-yielding cows (MQ = 3 and 4). Interestingly, this effect was also not found in the case of subsequent lactations. Unexpectedly, when the SCC was constant, its effect on milk yield was not the highest during the early stage of lactation. This can be attributed to the physiology and functionality of the udder gland. The mammary epithelial cells secrete the highest amount of milk during this period; a similar finding was noted for cell renewal capacity. During this period, the process of apoptosis is only initiated in the udder gland (Knight and Wilde, 1993) . Therefore, IMI does not have a marked effect on milk yield loss. Notably, this is evident for primiparous cows, the mammary glands of which do not have a history of IMI. Another possibility is the high uncertainty related to the estimation of yield loss during early lactation because of the limited number of milk recordings. In this short period, the right type of model for the assessment of the shape of lactation curve after calving cannot be accurately selected, which might also undervalue Figure 2 . Estimated daily milk yield loss (kg DIM −1 ) for different milk production levels (MQ) and the specific value of 300 000 somatic cell count (SCC) in consecutive lactations -(a) first parity, (b) second parity, and (c) ≥ third parity. Jeretina et al. (2016) . the level and time of the peak lactation achieved (Elahi Torshizi et al., 2011) .
About 77 % of the variance in milk yield loss caused by SCC could be explained by the effects such as subsequent PAR, MQ, LI, and ASCC (Tables 3 and 4) .
For consecutive lactations, the model explained almost 44 % of the variability in milk yield loss (P < 0.01, Table 4 ). It is evident that milk loss is related to subsequent lactation. The estimated mean values for PAR2 and PAR3 represented 285.1 and 333.8 kg of additional loss of milk compared to PAR1 (Table 3) . Although MQ explains only a small proportion of the variance in the model (2.2 %), the differences in milk yield loss between cows with different milk yields were statistically significant. The LI in the model explained 19.3 % of the variability in milk yield losses ( MY) by SCC. It is an important factor that influences the prediction of milk yield loss during lactation. The worst scenario (VAR5 to VAR7) regarding milk loss was when the SCC was high during the first interval of lactation (0-80 days, Table 3 ). In this case, reaching the normal lactation curve is impossible even in the case when the health of the udder is speculated to improve during later stages of lactation. In addition, the ASCC remarkably affected the explanation of variability. For standard lactation, the ASCC was often used for mutual comparison of cows with regard to the level of SCC that caused adverse effects and to predict MY on a daily basis. The ASCC accounted for 11.6 % of the variability in milk yield loss caused by SCC.
Based on their literature review, Hortet and Seegers (1998) reported that in published studies 38 to 84 % of variability in milk yield loss at the test-day level was explained by regression models. Most of previously reported regression models can explain about 63 to 84 % of variability; thus, the 77 % variability explained in the present study is in good agreement with the findings of previous studies. In this study, in agreement with the findings of literature reports, a significant herd effect was noted on the investigated characteristics (data not presented). The herd effect was highly significant in milk composition and SCC even in studies that included low numbers of herds, i.e., with only two commercial herds with 149 and 106 Holstein cows per herd (Friggens and Rasmussen, 2001 ), 12 to 58 herds with ≥ 80 cows per herd of Swedish Holstein and Swedish Red breeds (Nyman et al., 2009) , and 85 herds of Brown Swiss with a maximum of 15 cows per herd (Bobbo et al., 2016) .
In the present study, the SCC was adjusted using a dilution factor, λ. A dilution factor of −0.485, according to Green et al. (2006) , was applied for SCC only for those cows that had more than 10 kg of daily milk yield and an SCC of < 50 000. Only a few studies proposed the existence of the dilution effect from increased milk yield on the SCC (at the level of 200 000) in cows without IMI. High-milk-yielding cows without IMI have been thought to exhibit lower SCC than low-milk-yielding cows (Miller et al., 1993; Green et al., 2006; Halasa et al., 2009 ). Dilution-adjusted SCC values fitted the data better and resulted in a slightly reduced milk loss compared to the unadjusted SCC (Green et al., 2006) . Contrary to the findings of previous studies, Boland et al. (2013) found no dilution effect on the SCC in the Irish dairy cattle; this was more evident in the low-SCC category (< 200 000) in which adjustment for dilution yielded similar results as those for the unadjusted model. Cows with an SCC of ≤ 100 000 were considered as a reference group. Two steps were adapted: first, standard lactation curves were generated for specific milk yield (Jeretina et al., 2013) ; next, a standard curve of SCC in healthy cows with 1, 2, and ≥ 3 lactations was developed. In this study, an expected milk yield for standard lactation MY305 ij was esti-mated for each cow. The expected milk yield of j -cows was equal to the population mean value corrected to the subsequent parity PAR i and regression of BVA. This estimation was under the assumption that all fixed and random effects showed normal distribution with a mean value of 0 and were not under other environmental effects. From this curve, predictions for daily milk production were obtained. For each 30-day interval after calving, the test interval method (ICAR) was used to predict the milk yield, and this value was obtained from the area below the expected curve of milk yield.
The duration of subclinical mastitis was described using the SCCI, for which the area (IP) above the standard curve for SCC was used. The size of the area depended on the duration and intensity of the subclinical mastitis. In addition, all incidences for the increase in SCC were used for the prediction of the SCCI. Within each 30-day interval, the effect of the SCCI was estimated as the regression for 1, 2, and ≥ 3 lactations for four milk production levels (MQ). The mean values of regression of the SCCI (10 points in standard lactation) were used to generate the SCCI curve. The milk yield loss over a specific interval with increased SCC was computed. In this study, the prolonged effect of subclinical mastitis was not adjusted. Reduction of milk could be partly compensated for by other quarters within the udder (Holdaway, 1990) , but it depended on the level of infection and stage of lactation, as well as the type of pathogen (Schepers et al., 1997; De Haas et al., 2002 , 2004 . In the present study, all milk samples with extremely changed characteristics were excluded from further analyses. In addition, each case of clinical mastitis on the test day was not included in the analysis. Because such information was not collected systematically in the regular milk recording system (AT method, according to the ICAR), in the period between two controls, some data regarding clinical mastitis presence might not have been collected. The possible carry-over effect of clinical mastitis from previous lactation was avoided by using the SCC measured for the previous milk control before dry-off. This effect was not significant and was later excluded from the model.
A specific cyclic nature of infection of mammary glands in the data collected was presumed form the estimated SCCI in relation to the eight different scenarios (high or low levels of SCC in four lactation stages for different parities) an equal average SCC was determined for the milk yield loss across these scenarios. The SCCI enables the investigation of different situations related to varying SCCs at different lactation stages, milk intensities, and subsequent PARs (Table 5). It has been demonstrated that milk yield loss is related to the lactation stage at which the elevated SCC appears. This means that milk yield loss cannot be reliably estimated on the basis of average SCC. Information on the course of events is needed. A too-long interval between test-day controls is a period with a lack of information. During this period, subclinical mastitis could heal spontaneously or progress to clinical mastitis and thus lead to an elevated SCC. Determining the number of days before or after the diagnosis of subclinical mastitis is important for clinical mastitis detection. Such data can be accurately obtained on an experimental farm or by using a systematic collection of data on medical treatments by veterinarians and breeders, as in some countries (Scandinavian countries, Austria).
It is questionable whether management conditions on experimental farms (Lescourret and Coulon, 1994) are appropriate and comparable with larger numbers of commercial farms (Windig et al., 2005) to study applicable methods for the detection of subclinical mastitis and its effect on milk yield loss in field conditions. Hortet and Seegers (1998) reviewed selected literature on milk yield loss, milk composition, and elevated SCCs. Prediction of milk yield loss can be affected by several factors such as differences in the methodology used for preparing data sets and calculations; the specific design of studies regarding the number and interval between test-day controls; the number and size of investigated farms, herds, and types of farms (experimental vs. commercial) ; housing systems; number of PARs; duration of lactation; and threshold of SCCs for subclinical mastitis. Therefore, comparing our results (Table 5 ) regarding the effect of elevated SCC and lactation period, subsequent PAR, milk yield, and different scenarios within standard lactation on reduced milk production with those of literature findings is difficult.
A threshold of 200 000 SCC would suggest that a cow has IMI and is likely to be infected for at least an udder quarter. Across studies primiparous cows with 200 000 SCC showed, in kilograms per day, a milk loss of 0.13 (Boland et al., 2013) , 0.23 to 1.76 (Rekik et al., 2008) , 0.28 (Halasa et al., 2009) , 0.61 (Hortet et al., 1999) , 0.46 to 0.72 (Dürr et al., 2008) , 0.35 to 0.80 (Hand et al., 2012) . The results of the present study for thresholds of 200 000 and 400 000 SCC predicted higher milk yield losses in the range of 0.8 to 1.4 and 1.0 to 2.7 kg day −1 , respectively. The seriousness of the effect of SCC increase on milk yield loss from various studies is difficult to compare directly. This is due to the SCC range and model approach, different baseline that divides healthy from unhealthy cows, dilution adjustment, different stage of lactation in which IMI occurred, production practises, and differences due to geographic area in the relative importance of different mastitis pathogens. Depending on the possible scenario, VAR2 to VAR4 (Table 5) , our estimated milk yield loss for primiparous cows was at least 0.8 to 0.9 kg day −1 at the level of 200 000 SCC. Higher milk yield loss was predicted at the same threshold of SCC but for other scenarios. High SCC during the first 80 days of lactation had a strong impact on the increase in milk yield loss, which was estimated to be 1.2 to 1.4 kg day −1 (VAR1 and VAR5 to VAR7). Even in the case when the SCC dropped later during lactation to a value lower than our estimation, milk yield reduction was at least 1.2 kg day −1 . These findings regarding the effect of elevated SCC early during lactation and its impact on milk yield loss for an extended period are in agreement with those reported previously. During the period when the SCC peaked, the milk yield dropped and did not reach the pre-peak levels (Windig et al., 2005) . During early lactation, mastitis development had a substantial effect on reduced milk yield when milk loss was noted for an extended period during the entire lactation (Lescourret and Coulon, 1994) . In the second and/or third and subsequent PARs, elevated SCC led to milk yield losses. Studies show, in kilograms per day, milk yield losses of 0.63 to 1.17 and from 0.60 to 1.85 for PAR2 and PAR ≥ 3 (Hortet et el., 1999) , 0.50 for PAR ≥ 2 (Halasa et al., 2009 ), 0.6 for PAR ≥ 2 (Hortet and Seegers, 1998), 1.05 to 2.50 for PAR ≥ 2 (Dürr et al., 2008) , and 0.61 to 1.07 and 0.63 to 1.09 for PAR2 and PAR ≥ 3 (Hand et al., 2012) . Our predicted values for milk yield loss in PAR2 and PAR ≥ 3 ranged from 1.3 to 2.5 and 1.5 to 2.8 kg day −1 , respectively. An elevated SCC of 400 000 in subsequent lactations was found to be significantly associated with the loss of milk yield in many studies. In studies, reported daily milk yield loss at an SCC of 400 000 ranged from 0.78 for PAR ≥ 2 (Halasa et al., 2009 ) to 1.0-3.0 for PAR ≥ 2, and from 1.58 to 3.74 for PAR ≥ 2 (Dürr al., 2008) . Exceptions to the studies above are Dürr et al. (2008) and Hand et al. (2012) and our estimated milk yield loss are very close to theirs. Nevertheless, differences in milk yield loss existed even in all cases. One explanation for this discrepancy is the threshold, a lower limit at which SCC could affect the loss of milk yield owing to IMI. Dürr et al. (2008) set the limit for subclinical mastitis at more than 7400 SCC, Hand et al. (2012) at 200 000, and in our study more than 100 000 SCC with additional specific limitations. Various lower limits of SCC over a broad range have been proposed in previous studies: 51 000 to more than 1 000 000 in PAR of one to four (Boland et al., 2013) , 31 000 to more than 400 000 (Green et al., 2006) , less than 200 000 (Rekik et al., 2008) , 100 000 to 600 000 (Hortet et al., 1999) , and 500 000 for primiparous and multiparous cows (Hagnestam-Nielsen et al., 2009) . In some higher classes, the ranges were from less than 200 000 to 1 000 000 SCC with milk yield loss of 0.387 to 2.351 kg day −1 (Guo et al., 2010) , 403 000 to 1 900 000 SCC with 0.6 to 3.8 kg estimated milk yield loss (Yalçin et al., 2000) , and 200 000 to 2 000 000 SCC with a reduction of milk production of 0.35-1.09 kg day −1 to 1.49-4.70 kg day −1 (Hand et al., 2012) . Another possible problem for comparison is the average milk yield in the population of the investigated cows. In this study, lower milk yield for standard lactation and higher variability for this trait was observed, unlike that in previous studies. Furthermore, not only genetic differences but also a probable lower level of herd management could be responsible for the variation in the predicted milk yield loss.
In the present study, elevated SCC had a higher effect on milk yield loss in multiparous than in primiparous cows. Multiparous cows in late lactation might be responsible for the majority of milk production loss at the herd level caused by elevated SCC (Hagnestam-Nielsen et al., 2009) . Moreover, if milk losses owing to subclinical mastitis were not estimated appropriately, i.e., by using average loss per lactation, milk loss could be overestimated in the beginning of lactation, thereby remarkably underestimating losses toward the end of lactation (Dürr et al., 2008) . Therefore, the SCCI developed in the present study allows corrections for the estimation of milk loss in the population of Holstein cows. Furthermore, it is applicable to other cow populations, but the standard curves and breeding value prediction methods for specific cow populations need to be determined.
Conclusions
Improving herd management requires the recognition of the dynamics and peaks of elevated somatic cell count with relation to daily milk loss during lactation. A standard of the average somatic cell count as a criterion for comparing cows with regard to the health status of their udder glands does not allow identification of time-related consequences of IMI for cow and herd management. The newly introduced somatic cell count index might enable the mutual comparison of milk yield loss across cows in relation to the level of SCC, effect of consecutive parity, stage of lactations, and milk yield intensity. The SCCI has been proposed as an indicator of IMI to provide farmers reliable information to apply appropriate measures regarding cow health management and overall economical cow milk production.
